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In bone remodeling, after a lifespan of �2 weeks, osteoclasts
undergo apoptosis in each bone turnover cycle, resulting in gen-
eration of a large number of apoptotic bodies (ABs). However,
the biological roles of osteoclast-derived ABs (OC-ABs) in bone
remodeling have not been investigated and remain unknown.
In this study, we stimulated bone marrow macrophages with
receptor activator of NF-�B ligand (RANKL) to obtain both
preosteoclasts and mature osteoclasts (mOCs). We then used
alendronate to induce apoptosis in preosteoclasts and mOCs
and generate the respective ABs and used flow cytometry and
immunoblotting to characterize the sizes and immunogenic
characteristics of the extracted ABs. We show that mOC-ABs
are engulfed by preosteoblastic MC3T3-E1 cells and promote
the viability of these cells. Among all osteoclast-derived extra-
cellular vesicles, mOC-ABs had the highest osteogenic potency.
We further observed that mOC-ABs had the highest vesicular
receptor activator of NF-�B (RANK) levels among all types of
osteoclast-derived extracellular vesicles. Of note, masking of
vesicular RANK by soluble RANKL strongly abolished the
osteogenic potency of osteoclast-derived ABs. Mechanistically,
we found that mOC-ABs induce osteoblast differentiation by
activatingPI3K/AKT/mechanistic target of rapamycin (mTOR)/
ribosomal protein S6 kinase signaling. In conclusion, OC-ABs
promote osteogenic differentiation by stimulating osteoblast
differentiation via activation of RANKL reverse signaling. These
findings provide important insights into the reversal phase
between the bone resorption and formation stages during bone

remodeling and identify an AB-dependent cellular signaling
mechanism in osteoclast– osteoblast coupling.

Bone remodeling is a lifelong process that involves the
removal of bone tissue (bone resorption) by hematopoietic lin-
eage osteoclasts, followed by the formation of bone matrix
(bone formation) through mesenchymal lineage osteoblasts
that subsequently become mineralized (1). Bone remodeling is
accomplished by assembly of osteoclasts and osteoblasts into
discrete temporary anatomic structures called basic multicellu-
lar units (2). The communication between osteoclasts and
osteoblasts is termed “coupling” (3) and is later expanded to
include more contributors such as osteocytes, macrophages,
and T cells (4). Osteoclast– osteoblast coupling has long been of
interest to understand how these two distinct cell types with
different functioning periods during bone remodeling could be
linked so their activities are equal in maintaining bone homeo-
stasis (5). Compared with the well-studied effects of osteoblast-
derived coupling factors in osteoclast differentiation and func-
tion, less is known about the converse osteoclast-derived
messages and functions.

Two important regulating factors, receptor activator of
NF-�B ligand (RANKL)4 and macrophage colony stimulating
factor (M-CSF) are necessary for osteoclast differentiation
(6 –8). RANKL is a transmembrane protein from the tumor
necrosis factor superfamily; binding to its receptor RANK
drives the central signaling pathway in preosteoclast (pOC)
development and maintains the survival of mature osteoclasts
(mOCs) (9). The average lifespan of human osteoclasts is rela-
tively short, about 2 weeks, compared with the average lifespan
of osteoblasts of 3 months (10, 11). At the end of its lifespan, the
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osteoclast undergoes apoptosis, a kind of programmed cell
death characterized by nuclear and cytoplasmic condensation
and formation of plasma and nuclear membrane blebs (12).
Eventually the cell breaks apart to form apoptotic bodies (ABs).

ABs are a major class of extracellular vesicles (EVs) released
as a product of apoptotic cell disassembly. This separates ABs
from other types of EVs, such as exosomes and microvesicles,
which are constantly generated by normal viable cells (13). AB
size ranges from 1000 –5000 nm, comparable with normal
platelets (14). The content of ABs is variable and may include
nucleic acids, proteins, and lipids (15, 16). Some autoantigens
are also translocated into ABs during AB formation including
the histone family, complement C1q C chain (C1QC), and com-
plement component 3B (C3B), specific markers of ABs (13).
Less is known about the underlying mechanisms of AB forma-
tion compared with other types of EVs; recent studies suggest
that it is a highly regulated process mediated by actomyosin
contraction– controlled membrane protrusion (17). Accumu-
lating evidence supports the importance of ABs in immune
modulation and related disease settings. Therefore, ABs are
more than just debris or by-products of apoptosis and should be
considered a key mechanism for apoptotic cells to communi-
cate with surrounding cells (18). So far, the function of oste-
oclast-derived ABs in basic multicellular units and bone
remodeling has not been investigated and remains unknown.

In this study, we investigated the effects of bone marrow
macrophage (BMM)-ABs, pOC-Abs, and mOC-ABs in osteo-
genic differentiation of preosteoblastic MC3T3-E1 cells. mOC-
ABs exhibited the best osteogenic activity by activating RANKL
reverse signaling. These findings suggest an important regula-
tory role of osteoclast-derived ABs in osteogenic differentiation
and bone remodeling.

Results

ALN stimulates generation of osteoclast-derived ABs

We used nitrogen-containing bisphosphonate alendronate
(ALN) to induce apoptosis of BMMs, pOCs, and mOCs to gen-
erate ABs (19, 20). BMMs were isolated and induced with
RANKL to obtain pOCs (0 – 48 h after RANKL stimulation) and
mOCs (60 –120 h after RANKL stimulation), confirmed by tar-
trate-resistant acid phosphatase (TRAP) staining and quantifi-
cation of osteoclast numbers (Fig. 1A). Light microscopy anal-
yses of viable and apoptotic cells were performed to confirm
apoptotic induction of ALN after 4 and 8 h of incubation of
BMMs (Fig. S1), pOCs (Fig. S2), and mOCs (Fig. 2B). Cell apo-
ptosis induced by ALN was confirmed by increased formation
of subcellular fragments (Fig. 2C) and detected by flow cytom-
etry (FCM) (Fig. S3). ABs were then analyzed by FCM using
forward/side scatter dot plot analysis. We analyzed and com-
pared conditioned medium (CM) from apoptotic cells without
centrifugation, after centrifugation of CM at 800 � g for 10 min
for removal of dead cells and large cell debris to obtain AB-rich
medium (ABRM), and after centrifugation at 16,000 � g for 20
min of ABRM for removal of ABs to obtain AB-depleted
medium. Platelets were used for size comparison (1– 4 �m, Fig.
1D). ABs are approximately in the size range of platelets (1– 4
�m), whereas microvesicles (MVs) and exosomes (Exos) are
much smaller (�1 �m). Annexin V/FITC staining showed that
apoptotic cells, ABs, MVs, and Exos are positive for Annexin V
(Fig. 1E). In contrast, staining with PI showed that ABs, but not
MVs and Exos, are positive for PI (Fig. 1E). For further charac-
terization, Western blot (WB) analysis was performed, and the
results showed that ABs contain increased AB markers, includ-
ing histone 2B (H2B), histone 3 (H3), C3B, and C1QC, and lack

Figure 1. ALN stimulates the generation of osteoclast-derived ABs. A, light microscopy (LM) and TRAP stain of BMMs, pOCs, and mOCs stimulated with
sRANKL. Right panel, quantification analysis of osteoclast number per well (n � 3). Scale bars � 100 �m. B, mOCs were induced with ALN (500 �M) and observed
using light microscopy 4 and 8 h after induction. Scale bar � 20 �m. mOC treated with ALN are defined as control (CT) group. C, quantification of subcellular
fragment counts (n � 5). D, forward scatter (FSC)/side scatter (SSC) dot plot analysis of particles from apoptotic mOCs. Platelets were used as a size marker (1– 4
�m, red, gate R2). Conditioned medium from apoptotic mOCs contained dead cells and large cell debris (green, gate R1), ABs (gate R2), and MVs and Exos (blue,
gate R3). ABRM, obtained after centrifugation (800 � g, 10 min), contained mainly ABs, MVs, and Exos. AB-depleted medium (ABDM), obtained after centrifu-
gation (16,000 � g, 20 min) of the ABRM, contained mainly MVs and Exos. The percentage of events is given in the top left corner of each region gate. E, Annexin
V/FITC (FL1-A) and PI (FL2-A) dot plot analysis of live cells, dead cells, ABs, and MVs and Exos. The quadrant gates were set on the respective unstained control
population. The percentage of events is given in the top right corner of the respective region. F, Western blot analysis of H2B, H3, C3B, C1QC, CD9, and ACTB in
extracted ABs. The data represent averages � S.D. Significant differences are indicated as follows: *, p � 0.05; **, p � 0.01; paired using Student’s t test unless
otherwise specified.
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the MV and Exo marker CD9 (Fig. 1F). We obtained BMM-
ABs, pOC-ABs, and mOC-ABs with ALN induction and further
characterized the obtained ABs with FCM and WB analysis
regarding sizes and specific markers.

ABs are engulfed by recipient MC3T3-E1 cells

ABs labeled with Annexin V/FITC were co-incubated with
cell tracker CM-DiI–labeled live MC3T3-E1 cells to analyze the
engulfment of ABs by the latter. Confocal microscopy was per-
formed to analyze the co-culture of ABs and MC3T3-E1 cells
(Fig. 2A). ABs were found outside of cells at 0 h. With prolonged
incubation time, a marked increase in AB engulfment into the
cells was observed. Gating on MC3T3-E1 cells, we analyzed the
mean fluorescence intensity (MFI) after the indicated incuba-
tion periods (Fig. 2B). The results showed a significant increase
in mean fluorescence at 2 h (gating on MC3T3-E1 cells), indi-
cating engulfment of Annexin V/FITC–labeled ABs. We fur-
ther detected effects of BMM-ABs, pOC-ABs, and mOC-ABs
on recipient MC3T3-E1 cell viability. ABs derived from
BMMs showed no significant change in viability of
MC3T3-E1 cells compared with controlled ABs derived
from RAW264.7 cells (Fig. 2C). However, ABs from both
pOCs and mOCs significantly increased MC3T3-E1 cell via-
bility after 72-h co-incubation (Fig. 2, D and E). The results
suggested that ABs were engulfed and accumulated in a
time-dependent manner by MC3T3-E1 cells. In addition,
ABs derived from both pOCs and mOCs increased the via-
bility of preosteoblastic MC3T3-E1 cells.

mOC-ABs have the highest osteogenic potency

To compare the osteogenic potency of MVs, Exos, and ABs,
we tested the alkaline phosphatase (ALP) activity of MC3T3-E1
cells co-cultured with MVs and Exos or ABs derived from
BMMs, pOCs, and mOCs. Quantification analysis revealed that
MVs, Exos, and ABs derived from osteoclasts (pOCs and

mOCs) have osteogenic potency, but not those derived from
BMMs. MVs, Exos, and ABs derived from pOCs showed no
significant difference in osteogenic potency. However, in
mOC-derived EVs, mOC-ABs showed significantly higher
osteogenic potency compared with mOC-MVs and mOC-Exos
(Fig. 3A). We further showed that MVs, Exos, and ABs derived
from mOCs have better osteogenic potency compared with
those derived from pOCs (Fig. 3B). ALP staining (Fig. 3C) and
Alizarin Red staining (Fig. 3D) showed consistent results sug-
gesting the highest mineralization of MC3T3-E1 cells co-cul-
tured with mOC-derived ABs (Fig. 3, E and F). Similarly, qPCR
results showed the highest up-regulation of the osteogenic reg-
ulators Runt-related transcription factor 2 (Runx2) and Osterix
(OSX, also known as Sp7) together with the osteogenic markers
type I collagen (Col1a1) and Alpl in the mOC-AB group among
mOC-derived EVs (Fig. 3G). Among ABs derived from different
cell types, mOC-ABs showed the highest up-regulation of
Runx2, Sp7, Col1a1, and Alpl (Fig. 3H). On the protein level,
WB analysis confirmed up-regulation of ALP, COL1A1,
Osterix, and RUNX2 by mOC-AB treatment in MC3T3-E1
cells (Fig. 3, I and J). We also used mesenchymal stem cells for
verification, and the results were similar with MC3T3-E1 cells
(Fig. S4). Together, the above results suggest that mOC-derived
EVs have better osteogenic potency, whereas mOC-ABs
showed the best osteogenic potency among mOC-derived EVs.

Vesicular RANK masking by sRANKL reduced osteogenic
potency

Inspired by the very recent discovery of the crucial role of
RANKL reverse signaling in the coupling of bone resorption
and formation (21), we detected the RANK expression level
among mOC-derived EVs and found that mOC-ABs showed
the highest level of RANK (Fig. 4A). Moreover, ABs derived
from mOCs showed the highest RANK level compared with
BMMs and pOCs (Fig. 4B). Furthermore, we found that mask-

Figure 2. ABs are engulfed by recipient MC3T3-E1 cells. A, MC3T3-E1 cells (stained with Cell Tracker Red) were co-incubated with Annexin V/FITC–labeled
ABs (cultured for 24 h). Scale bar � 20 �m. B, quantification of the mean fluorescence intensity of engulfed ABs by MC3T3-E1 cells after co-incubation (n � 5).
C–E, cell viability evaluation of MC3T3-E1 cells co-incubated with BMM-ABs (C), pOC-ABs (D), and mOC-ABs (E) using a CCK8 test at 0, 24, 48, and 72 h (n � 5).
ABs-Control, ABs derived from RAW264.7 cells. The data represent averages � S.D. Significant differences are indicated as follows: *, p � 0.05; **, p � 0.01; paired
using Student’s t test unless otherwise specified.
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ing of vesicular RANK by preincubation of ABs with sRANKL
abolished the osteogenic effects of both pOC-ABs and mOC-
ABs characterized by reduced ALP activity (Fig. 4, C and E) and
mineralization (Fig. 4, D and F). Consistently, mOC-AB– up-
regulated expression of Runx2, Sp7, Col1a1, and Alpl was
decreased by vesicular RANK masking (Fig. 4G). On the protein
level, WB analysis confirmed the abolishment of vesicular
RANK masking in mOC-AB osteogenic potency, marked by
reduced expression of ALP, COL1A1, Osterix, and RUNX2
(Fig. 4I). Together, the results suggest that osteoclast-derived
ABs stimulate osteogenic differentiation mainly by vesicular
RANK.

RANKL reverse signaling contributes to the osteogenic potency
of mOC-derived ABs

We found that activation of RUNX2 by mOC-ABs was
remarkably reduced by pretreatment with the mechanistic tar-
get of rapamycin complex 1 (mTORC1) inhibitor rapamycin
and masking of vesicular RANK by sRANKL (Fig. 5A). To
explore the intracellular signaling pathways involved in
RUNX2 activation, we examined the major mTORC1 upstream
signaling molecules PI3K and Akt and the downstream mole-
cule S6K in MC3T3-E1 cells treated with mOC-ABs. Cells were
preincubated with mOC-ABs or mOC-ABs and sRANKL for
vesicular RANK masking or mOC-ABs and rapamycin for

mTORC1 inhibition. Phosphorylation of PI3K, Akt, and S6K
was detected 30 min (Fig. 5B), 60 min (Fig. 5C), or 120 min (Fig.
5D) after osteogenic stimulation. The results showed that vesic-
ular RANK masking by sRANKL inhibited the activation of
both PI3K, Akt, and S6K, whereas rapamycin only inhibited the
activation of S6K. These results suggested that mOC-ABs stim-
ulate osteogenic differentiation by activating RANKL reverse
signaling.

To better understand the contents of pOC-ABs and mOC-
ABs, we performed RNA-Seq to profile the mRNA contained in
ABs derived from different stages of osteoclasts (Fig. S5). The
data are documented in the GEO database with accession num-
ber GSE132230. Most differentially expressed mRNAs were
presented separately (Fig. S6) together with the GO and KEGG
analysis (Figs. S7 and S8). These data serve as a potential reser-
voir for researchers interested in further low-throughput vali-
dation and study of molecules of interests in the future.

Discussion

Apoptosis is a highly regulated programmed cell death pro-
cess that plays a critical role not only in embryonic develop-
ment but also in cell homeostasis in adults. Apoptosis is
involved in almost all diseases, from cancer to neurological and
cardiovascular disorders (22). Osteoclast apoptosis has also
been identified to regulate bone homeostasis and bone disor-

Figure 3. mOC-ABs have the highest osteogenic potency. MC3T3-E1 cells were treated with medium containing ABs or MVs and Exos generated from BMMs,
pOCs, or mOCs. A and B, ALP activity was quantified among different cell types (A) or EV types (B). MC3T3-E1 cells treated with osteogenic medium without MVs
and Exos or ABs are defined as control (CT) groups. C and D, ALP stain (C) and Alizarin Red stain (D) of MC3T3-E1 cells treated with medium containing ABs or
MVs and Exos generated from BMMs, pOCs, or mOCs. E and F, quantification of Alizarin Red activity among different cell types (E) or EV types (F) in D. G and H,
relative mRNA expression levels of Alpl, Col1a1, Sp7, and Runx2 in MC3T3-E1 cells treated with mOC-derived ABs or MVs and Exos (G) and ABs derived from
BMMs, pOCs, or mOCs (H). I and J, Western blot analysis of ALP, COL1A1, Osterix, Runx2, and GAPDH in MC3T3-E1 cells treated with mOC-derived ABs or MVs
and Exos (I) and ABs derived from BMMs, pOCs, or mOCs (J). The data represent averages � S.D. Significant differences are indicated as follows: *, p � 0.05; **,
p � 0.01; paired using Student’s t test unless otherwise specified. N.S., not significant.
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ders (23, 24). In osteoclast– osteoblast coupling, apoptosis of
osteoclasts has long been considered a consequence induced by
osteoblasts (25, 26). However, researchers rarely investigated
the converse effects of osteoclast apoptosis in osteoblastic
activities. In this study, for the first time, we showed that ABs
derived from osteoclasts possess osteogenic potency by acti-
vating RANKL reverse signaling in preosteoblasts (Fig. 6). Fur-

thermore, mOC-ABs showed the highest osteogenic potency
among osteoclast-derived EVs. It should be noted that, al-
though mOC-ABs are significantly different from pOC-ABs
because of the generation of large multinucleated mOCs, pOCs
cannot be fully depleted in mOC culture. Therefore, mOC-ABs
might not be as pure as we think and may include a fraction of
pOC-ABs, which is a limitation of this study.

Figure 4. Vesicular RANK masking by sRANKL reduced osteogenic potency. A, Western blot analysis of RANK, H3, and ACTB in mOC-derived MVs, Exos, and
ABs. ABs derived from BMMs are defined as control (CT) groups. B, Western blot analysis of RANK, H3, and ACTB in ABs derived from BMMs, pOCs, and mOCs.
C and D, ALP stain (C) and Alizarin Red stain (D) of MC3T3-E1 cells treated with ABs derived from BMMs, pOCs, and mOCs with or without masking of vesicular
RANK by sRANKL. E, quantification of ALP activity in C. F, quantification of Alizarin Red stain in D. G, relative mRNA expression levels of Alpl, Col1a1, Sp7, and
Runx2 in MC3T3-E1 cells treated with mOC-derived ABs with or without masking of vesicular RANK by sRANKL. H, Western blot analysis of ALP, COL1A1, Osterix,
Runx2, and GAPDH in MC3T3-E1 cells treated with mOC-derived ABs with or without masking of vesicular RANK by sRANKL. The data represent averages � S.D.
Significant differences are indicated as follows: *, p � 0.05; **, p � 0.01; paired using Student’s t test unless otherwise specified. N.S., not significant.

Figure 5. RANKL reverse signaling contributes to the osteogenic potency of mOC-ABs. A, Western blot analysis of RUNX2 and GAPDH in MC3T3-E1 cells
treated with mOC-ABs, sRANKL-preincubated mOC-ABs, or mOC-ABs with rapamycin. MC3T3-E1 cells treated with �-MEM without MVs and Exos or ABs are
defined as control (CT) groups. B–D, Western blot analysis of p-PI3K, PI3K, p-Akt, Akt, p-S6K, S6K, and GAPDH in MC3T3-E1 cells treated with mOC-ABs,
sRANKL-preincubated mOC-ABs, or mOC-ABs with rapamycin at 30 min (B), 60 min (C), and 120 min (D).

mOC-ABs induce osteoblast differentiation
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RANKL reverse signaling was recently identified and
described by Ikebuchi et al. (21) as an important coupling
mechanism of bone resorption and formation. In their study,
small extracellular vesicles secreted by mOCs were identified
to stimulate osteoblast differentiation via vesicular RANK–
mediated RANKL reverse signaling. In our study, we further
detected osteogenic effects of ABs from both pOCs and mOCs
compared with MVs and exosomes derived from each cell.
Interestingly, we found that ABs, especially mOC-ABs, showed
the highest osteogenic potency among all osteoclast-derived
EVs. Mechanistically, mOC-ABs also function through RANKL
reverse signaling. In this way, the highest vesicular RANK
expression level of mOC-ABs explained its best osteogenic
potency among OC-EVs.

ABs play a central role in the interaction of a dying cell with
the immune system as well as in mediating intercellular com-
munication (27). The immunomodulatory roles of ABs have
been described in antigen presentation (28), antitumor immu-
nity (28), antimicrobial immunity (29), and autoimmunity (30).
In the skeletal system, a role of ABs has rarely been reported.
We observed engulfment of ABs by preosteoclasts, supported
by a previous report in which osteoblasts were observed to be
capable of engulfing ABs during alveolar bone formation (31)
Early work also reported that osteoclast-derived ABs are
engulfed by macrophages in vivo (32), indicating the exciting
possibility that osteoclast may regulate self-differentiation
by affecting osteoclast precursor differentiation by generat-
ing ABs.

Human physical bone turnover consists of three phases: bone
resorption mediated by osteoclasts of �3 weeks (33), bone for-
mation and mineralization of about 3– 4 months (34), and a
reversal phase of �5 weeks between bone resorption and for-
mation, which is poorly understood (35). Cell coupling between
osteoclasts and osteoblasts may dominate this time delay
between bone resorption and formation. It is recognized that
osteoblast progenitors are capable of sensing osteoclast-de-
rived factors either released from the matrix, secreted from the

osteoclast, or expressed on the osteoclast cell membrane to
initiate differentiation (5). However, it remains unknown
whether and how apoptotic osteoclasts emerge at the end of the
bone resorption phase, and the subsequent generation of a vast
number of ABs may further influence the upcoming bone for-
mation phase in the whole bone turnover process. Our study
filled this gap by showing and proving the strong osteogenic
potency of osteoclast-derived ABs.

In summary, our study revealed stimulatory effects of ABs
derived from osteoclasts in osteoblast differentiation. Further-
more, we showed that mOC-ABs have the best osteogenic
potency among all types of OC-derived EVs because of the
highest expression of vesicular RANK and the subsequent acti-
vation of RANKL reverse signaling.

Experimental procedures

Osteoclast differentiation assay

Bone marrow cells were separated and cultured with M-CSF
(50 ng/ml) for 24 h to obtain BMMs. Cells were cultured in
�-minimal essential medium containing 10% FBS and 1%
penicillin–streptomycin solution. For TRAP staining, cells
were cultured in a 96-well plate at a density of 5 � 103 cells/well
with RANKL (100 ng/ml) and M-CSF (50 ng/ml) for 3 days.
Cells were fixed in 4% paraformaldehyde for 20 min and then
stained with TRAP staining solution (0.1 mg/ml of naphthol
phosphate disodium salt, 0.3 mg/ml of Fast Red Violet zinc
chloride stain) according to the manufacturers’ instructions.
Relative TRAP activity was measured by colorimetric analysis.

AB generation and extraction

Cell apoptosis was induced by treatment with ALN (500 �M)
for 24 h at 37 °C. ALN was obtained from Med Chem Express.
ABs were isolated using sequential centrifugation and sequen-
tial filtration. In short, supernatant was collected from wells
that cultured apoptotic cells and centrifuged at 300 � g for 10
min to remove cell debris. Subsequently, the supernatant was
filtered with 1- and 5-�m filters to limit particle diameter to
1–5 �m. Next, the supernatant was centrifuged at 3500 � g for
20 min to pellet the AB-sized extracellular vesicles. AB-sized
extracellular vesicles derived from osteoclasts and ALN-treated
OCs were isolated after subsequent centrifugation and then
stained with Annexin V/FITC in 500 �l of binding buffer (30
min at 21 °C). AB-sized extracellular vesicles were pelleted
again to remove binding buffer for identification and analysis.

Flow cytometry

Flow cytometry analyses were performed using a BD Accuri
C6 flow cytometer, counting at least 10,000 events. After
extraction and staining, AB-sized extracellular vesicles were
resuspended in 500 �l of PBS. Cell apoptosis was determined by
Annexin V/PI staining as described previously (36) In brief,
cells were stained with Annexin V/FITC (Life Technologies)
and PI. Viable cells were negative for both Annexin V and PI.
Early apoptotic (still viable) cells were positive for Annexin V
and negative for PI. Late apoptotic (nonviable) cells were posi-
tive for Annexin V and PI. Necrotic cells were positive for PI
and negative for Annexin V.

Figure 6. Schematic of RANKL reverse signaling activation by mOC-ABs.
pOCs are stimulated by soluble RANKL and differentiate into mOCs. ALN is
used to induce apoptosis of mOCs in generation of mOC-ABs. Vesicular RANK
of mOC-ABs binds to membranous RANKL of preosteoblasts to activate
RANKL reverse signaling in a sequence of PI3K–Akt–mTOR–S6K and further
increases transcription of Runx2 to promote osteogenic differentiation.
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AB identification and calculation

After extraction, ABs were stained with 50 mg/ml PI and 20
mg/ml Annexin V/FITC for 30 min at 37 °C in 500 �l of binding
buffer. PI is used to determine nuclear granularity and hypo-
chromicity, and Annexin V/FITC is used to detect phosphati-
dylserine exposure on the cell surface. Here we used an apopto-
sis assay kit obtained from Sigma. Then cells were immediately
analyzed by flow cytometry to quantify the rate of apoptosis.

AB engulfment assay and MFI analysis

After being isolated from cellular supernatants, ABs were
stained with Annexin V/FITC (50 mg/ml) for 30 min at 21 °C.
MC3T3-E1 cells were labeled with Cell Tracker Red for 30 min
at 21 °C. Annexin V/FITC–labeled ABs were coincubated with
Cell Tracker Red–labeled MC3T3-E1 cells for 24 h. After the
full incubation time according to group settings, ABs that were
not engulfed by cells were washed away using 1� PBS and then
observed using confocal microscopy to verify AB ingestion.
Gating on MC3T3-E1 cells, FITC fluorescence was analyzed by
flow cytometry. Flow cytometry was performed using a BD
Accuri C6 flow cytometer, counting at least 20,000 events. MFI
was calculated and generated using Flowjo-V10 software.

Osteogenic differentiation assay

MC3T3-E1 cells were loaded at 1 � 106 cells/well into a
24-well plate. We started to induce osteogenic differentiation
when cells reached 100% contact and stopped proliferating.
MC3T3-E1 cells were cultured in osteogenic medium consist-
ing of 2 mM �-glycerophosphate (Aladdin), 100 �M ascorbic
acid 2-phosphate (Aladdin), and 10 nM dexamethasone (Alad-
din). 3, 5, and 7 days after osteogenic induction, total protein
was extracted from cultured MC3T3-E1 cells, and the expres-
sion of osteoblastic markers was assayed by immunoblotting
analysis. To assess ALP activity, MC3T3-E1 cells were fixed in
4% paraformaldehyde and then treated according to the proto-
col for the alkaline phosphatase assay kit (Beyotime Biotechnol-
ogy) after a week of osteogenic induction. To assess the depo-
sition of calcium ions, MC3T3-E1 cells were fixed in 4%
paraformaldehyde and then stained with 1% Alizarin Red S
(Solarbio Life Sciences).

quantitative RT-PCR

Total RNA was isolated using TRIzol reagent (Life Technol-
ogies). Single-stranded complementary DNA was prepared
from 1 �g of total RNA using reverse transcriptase with an
oligo(dT) primer according to the manufacturer’s instruc-
tions (Promega). Two microliters of each complementary
DNA were subjected to PCR amplification using specific
primers (Table S1).

Immunoblotting

Cells were lysed in lysis buffer containing 10 mM Tris (pH
7.2), 150 mM NaCl, 5 mM EDTA, 0.1% SDS, 1% Triton X-100,
and 1% deoxycholic acid. For western blotting, 30 �g of protein
samples were subjected to SDS-PAGE, followed by transfer
onto PVDF membranes. After blocking in 5% skim milk, the
membranes were incubated with rabbit antibodies against pri-

mary antibodies overnight at 4 °C, followed by 1-h incubation
with a secondary antibody.

Statistical analysis

All data are representative of at least three experiments with
similar results performed in triplicate unless otherwise indi-
cated. Data are expressed as mean � S.D. One-way analysis of
variance followed by Student–Newman–Keuls post hoc test
was used to determine the significance of difference between
results, with *, p � 0.05 and **, p � 0.01 regarded as significant.
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validation; F. K. funding acquisition; S. D., J. X., and C. D. writing-review
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